INTRODUCTION
============

Cancer immunotherapy enables patients' own immune system to eradicate tumor cells ([@R1]--[@R3]). By intervening in different steps in the cancer-immunity cycle, multiple approaches to cancer immunotherapy have been clinically tested, with notable examples of immune checkpoint blockade, chimeric antigen receptor T (CAR-T) cell therapy, and therapeutic cancer vaccines ([@R4]--[@R8]). Therapeutic tumor vaccines represent an approach to eliciting antigen-specific antitumor immunity. However, conventional tumor therapeutic vaccines, which use overexpressed or re-expressed proteins in tumor cells as antigens, have shown limited therapeutic efficacy largely due to central immune tolerance as well as suboptimal delivery to lymphoid organs where immunomodulation can be coordinated.

Recent advancement in immune-oncology, oncogenomics, and bioinformatics has sparked the identification of a class of tumor antigens called neoantigens, which are the products of events such as tumor somatic mutations and frameshifting mutations that occur only in tumor cells but not in healthy cells. As such, neoantigens are exclusively present in cancer cells, making neoantigens free from central immune tolerance. These unique properties endow neoantigens as excellent candidates for therapeutic cancer vaccines, which has been supported by multiple recent clinical investigations for cancer immunotherapy ([@R9]--[@R11]). In addition to vaccine-based therapy, neoantigen-specific immune responses have been observed to directly correlate with many other types of immunotherapies, including immune checkpoint blockade and CAR-T cell therapy. These observations collectively indicated a "final pathway" of somatic cancer mutations in cancer immunotherapy ([@R12], [@R13]). Effective cancer therapeutic vaccines rely on potent and durable neoantigen-specific antitumor immune responses. However, most cancer neoantigens have undetectable immunogenicity; this is further complicated by the fact that most cancers, including notable examples of pancreatic cancer and glioblastoma, have extremely low tumor mutation burdens. It is thus highly desired to develop an approach that can potentiate the immunogenicity of neoantigens toward potent and durable cancer immunotherapy.

The efficacy of subunit vaccines can be substantially potentiated by (i) codelivery of adjuvants that stimulate distinct innate immunity and cancer-specific antigens that can guide the elicitation of antigen-specific adaptive immunity such as T cell responses ([@R14], [@R15]), (ii) synergistic modulation of multiple immune signaling pathways, and (iii) multiepitope antigens that elicit a broad spectrum of immune responses. Microbial pathogens set an excellent example that leverages all these approaches. As a current clinical benchmark of peptide neoantigen vaccines, adjuvants such as polyinosinic-polycytidylic acid-poly-l-lysine carboxymethylcellulose (poly-ICLC) and/or anti-CD40 have been mixed together with peptide neoantigens. Yet, coadministered adjuvants and antigens may not guarantee robust immune responses, as soluble formulations of vaccines will result in chaotic dissemination in the body that could restrict vaccine immunogenicity against tumors ([@R16], [@R17]). Pathogen-mimicking nanovaccines hold great potential to potentiate the immunogenicity of neoantigens for cancer immunotherapy and address the above challenges. First, nanovaccines can be efficiently delivered to secondary lymphoid tissues such as lymph nodes (LNs) and antigen-presenting cells (APCs) because medium-sized (5 to 100 nm) nanovaccine could be drained and retained in LNs for a relatively long time. Second, nanovaccines can further codeliver multiple synergistic adjuvants and antigens into LNs ([@R4], [@R18]--[@R20]) and APCs ([@R14], [@R21]--[@R25]), which is a prerequisite for optimal tumor immunotherapy. Third, by coencapsulating adjuvants and antigens, nanovaccine can improve the pharmacokinetic properties of their drug payloads to further potentiate the resulting immunomodulation.

Herein, this study presented bi-adjuvant neoantigen nanovaccines (banNVs), which codelivered synergistic Toll-like receptor 7/8 (TLR7/8) agonist (TLR7/8a) R848 and TLR9 agonist CpG oligodeoxynucleotides (ODNs), as well as a peptide neoantigen to potentiate the immunogenicity of neoantigen for potent and durable cancer immunotherapy, especially when combined with anti--PD-1 (aPD-1), which has been indicated to invigorate CD8^+^ T cells during the immune induction phase ([@R26]). TLR agonists are a class of immune adjuvants that have been used or investigated for cancer treatment in clinic ([@R27]). Specifically, TLR7/8a imiquimod and resiquimod (R848) ([@R28]) have been approved by the U.S. Food and Drug Administration to treat skin lesions topically; CpG ODNs have been widely studied in clinic for cancer treatment. The combination of multiple agonists against TLR7/8 and TLR9 exhibited synergistic therapeutic efficacy mainly via triggering MyD88 and cascade signaling pathways ([@R29]). However, the poor aqueous solubility and/or unfavorable pharmacokinetics of these drugs have refrained them from wide applications in cancer immunotherapy ([@R17], [@R30], [@R31]). Pharmaceutical engineering of these drugs using nanocarriers has shown the potential to efficiently codeliver multiple adjuvants as well as antigens and eventually potentiate immune responses. Nevertheless, most current vaccine nanotechnologies are based on either admixing adjuvants attached by polymer scaffolds with peptide antigens or encapsulating adjuvants and antigens within nanoparticles separately. However, the discrepancy of pharmacokinetic and physicochemical properties of small-molecule adjuvants, ODN adjuvants, and macromolecular peptide antigens remains a major obstacle in vaccine-based cancer immunotherapy ([@R32], [@R33]). Herein, this study synthesized banNVs without complicated chemical appendages and demonstrated that banNVs elicited potent and durable antitumor immunity for tumor immunotherapy in a colorectal cancer model in syngeneic mice ([Fig. 1A](#F1){ref-type="fig"}). By strategically loading three vaccine components in one nanoparticle, banNVs coordinated to elicit both innate and adaptive immunity for cancer immunotherapy with minimal systemic toxicity. BanNVs promoted the codelivery of adjuvants and neoantigens to LNs and LN-residing APCs, mediated efficient antigen uptake and presentation on APCs, and augmented neoantigen-specific cytotoxic T cell responses that eventually eradicated most neoantigen-specific tumors when combined with immune checkpoint blockade ([Fig. 1B](#F1){ref-type="fig"}). Together, banNVs represent a potent cancer therapeutic vaccine for combination cancer immunotherapy.

![Schematic depiction of the development of banNVs to potentiate neoantigen immunogenicity for personalized cancer immunotherapy.\
(**A**) BanNVs were self-assembled in three steps: First, via a nano-templated RCR reaction using DNA primer-coated amphiphilic PEG-PLA micelles and CpG-encoding template DNA, microparticles were self-assembled with a core of PEG-PLA micelle and a shell of polymeric CpG, and the resulting microparticles were then physically loaded with hydrophobic R848; second, the above microparticles were shrunk using cationic PEG-*g*-PPT to reduce the particle size and promote intranodal and intracellular vaccine delivery, and the hydrophobic PPT additionally enabled efficient loading of hydrophobic peptide neoantigens. (**B**) BanNVs enable efficient codelivery of adjuvants and antigen peptides to LNs, inducing DC mutation by adjuvants, facilitating antigen cross presentation, and profoundly expanding the repertoires of neoantigen-specific CD8^+^ effector T cells. Such cancer therapeutic vaccines, especially when combined with aPD-1, markedly inhibited tumor progression and led to complete regression of most MC38 tumors without tumor relapse.](aaw6071-F1){#F1}

RESULTS
=======

Synthesis of banNV
------------------

Briefly, the banNVs were prepared in three steps: First, thiolated DNA primer was conjugated to maleimide-functionalized poly(ethylene oxide)-block-poly([d]{.smallcaps},[l]{.smallcaps}-lactic acid) (MAL-PEG-*b*-PLA) micelles; then, a circularized CpG template (table S1) was immobilized on primer-PEG-PLA nanoparticle surface through hybridization, followed by in situ rolling circle amplification (RCA) to self-assemble core-shell CpG microparticles (CpG MPs), the hydrophobic PLA core of which was exploited for encapsulating hydrophobic adjuvant molecules; last, the resulting MPs were condensed into banNVs by cationic PEG-grafted polypeptide (PPT-*g*-PEG) via electrostatic interaction between PPT-*g*-PEG and negatively charged CpG; meanwhile, hydrophobic PPTs were used for physical loading of peptide neoantigens ([Fig. 1A](#F1){ref-type="fig"}). In particular, amphiphilic PEG-*b*-PLA was self-assembled into micelles (*d* = 30.43 ± 3.04 nm) ([Fig. 2A](#F2){ref-type="fig"}), as shown by transmission electron microscopy (TEM). Then, DNA primer for RCA was conjugated on the surface of PEG-PLA micelles, as verified by particle size increasing from 44.72 to 57.09 nm using dynamic light scattering (DLS) (fig. S1A and table S1), as well as mobility shift of DNA versus DNA-polymer conjugates in agarose gel electrophoresis (fig. S1B). The conjugates were purified by high-performance liquid chromatography (HPLC) to remove free DNA and bare MAL-PEG-*b*-PLA (fig. S1C), followed by verification using agarose gel electrophoresis ([Fig. 2B](#F2){ref-type="fig"}). Next, a linear phosphorylated CpG DNA template (table S1) was used for in situ RCA to generate tandem CpG on the surface of micelles, resulting in formation of MPs with uniform diameters, good dispersity, and sponge-like surface porosity as validated by scanning electron microscopy (SEM) and TEM ([Fig. 2C](#F2){ref-type="fig"} and fig. S2) and agarose gel electrophoresis ([Fig. 2D](#F2){ref-type="fig"}). The process of CpG MPs formation was monitored by SEM at a series of time points during RCA. CpG MPs were produced after 12 hours with wrinkled surface morphological structure, and the sheet-like structures on CpG MP surfaces were reorganized until 24 hours after RCA ([Fig. 2E](#F2){ref-type="fig"}).

![Characteristics of banNVs.\
(**A**) Transmission electron microscopy (TEM) images of PLA-PEG micelles. (**B**) An image of agarose gel electrophoresis showing the retarded migration of DNA-PEG-PLA conjugates. bp, base pairs. (**C**) Scanning electron microscopy (SEM) images of CpG MPs self-assembled via in situ RCA. (**D**) An image of agarose gel electrophoresis of CpG MPs. The smeared band represents unreacted DNA. (**E**) SEM images of in situ RCA products during a series of time points. (**F**) Fluorescence images of CpG MPs labeled with Cy5-dUTP. (**G**) STEM-based EDS mapping of CpG MPs. (**H**) TEM images of banNVs after condensation. (**I**) A DLS graph showing the hydrodynamic diameters of products during the process of banNV synthesis. (**J**) Image of agarose gel electrophoresis showing the retardation of banNVs (the concentrations of nucleic acids were varied in different groups). The definitions of the abbreviations are listed in table S2.](aaw6071-F2){#F2}

The morphological characteristics of the CpG MPs were further studied by confocal microscopy to localize CpG molecules in MPs. To do this, Cy5-labeled deoxyuridine triphosphate (dUTP) was added during RCA, which yielded MPs with red fluorescence throughout the particles ([Fig. 2F](#F2){ref-type="fig"} and fig. S3), indicating that the CpG was distributed evenly throughout the particles. MPs were expected to be composed of CpG and magnesium pyrophosphate (Mg~2~P~5~O~7~). By STEM-based energy dispersive x-ray spectroscopy (EDS) mapping ([Fig. 2G](#F2){ref-type="fig"}) ([@R34]), crystalline Mg~2~P~5~O~7~ was visualized in the sheet structures of MPs. The map of carbon suggested a homogeneous distribution of CpG throughout the MPs. The porous substructures in CpG MPs, together with the hydrophobic PLA cores in the micelle, were expected to encapsulate R848 and release the drugs in response to acidic environment. Last, MPs were condensed by cationic PPT-*g*-PEG into banNVs. Twelve hours after incubating with PPT-*g*-PEG, MPs were purified by centrifugation to remove free peptides. TEM revealed that MPs were condensed into uniform nanoparticles ([Fig. 2H](#F2){ref-type="fig"}), with diameters reduced from 2222 ± 145 nm for MPs to 171 ± 22 nm for NVs ([Fig. 2I](#F2){ref-type="fig"}). Gel electrophoresis confirmed that CpG molecules in MPs were completely complexed with PPT-*g*-PEG, as supported by the nearly complete retardation of CpG in banNVs ([Fig. 2J](#F2){ref-type="fig"}). Because of the intertwining hydrophobic PPT, a macromolecular peptide neoantigen, namely, Adpgk, was generated from mutations (ASMTN[R]{.ul}ELM → ASMTN[M]{.ul}ELM) in mouse MC38 tumor cells that were physically loaded into the final nanoparticles ([@R35]), thereby generating a previously unidentified nanovaccine with bi-adjuvants and neoantigens. The molar ratio of drug loaded in banNVs was determined to be approximately 10:10:1 of Adpgk/R848/CpG (the definitions of the abbreviations are listed in table S2).

Dendritic cells (DCs) immunostimulation of banNVs
-------------------------------------------------

Many TLR ligands stimulate innate immune responses in APCs characterized by the secretion of a series of cytokines and the up-regulated expression of proinflammatory factors, which eventually promote both innate immunity and adaptive immunity. To test the in vitro immunostimulation of DCs by our nanovaccines, DCs were treated with the equivalent doses of CpG and CpG nanoparticles (NPs). Forty-eight hours later, comparable levels of interleukin-12 (IL-12), IL-6, and tumor necrosis factor--α (TNF-α) were detected ([Fig. 3, A to C](#F3){ref-type="fig"}). This confirms the immunostimulatory activity of CpG assembled in CpG NPs. As a control, GpC NPs, which were assembled from DNA where the CpG dinucleotides were mutated to GpC control, did not detectably activate DCs ([@R36]). Moreover, treatment of DCs with CpG NPs/R848 further promoted the levels of IL-12p40 and IL-6, relative to CpG NPs or R848 alone ([Fig. 3, A and B](#F3){ref-type="fig"}), which was attributed to not only the additive but also the synergistic immunoactivation via both TLR7/8 and TLR9 pathways ([@R29]). Besides, CpG NPs/R848 outperformed mixed CpG and R848, likely due to the sustained release of R848 and CpG from banNVs. Consistently, compared to CpG, CpG NPs, or R848 alone, CpG NPs/R848 promoted the expression of costimulatory factor CD80 and CD86 on DCs (fig. S4, A to D), which indicated strong immunostimulation induced by bi-adjuvant CpG NPs/R848.

![Immune stimulatory and sustained antigen presentation on DCs.\
ELISA results of IL-12p40 (**A**), IL-6 (**B**), and TNF-α (**C**) secretion from DC2.4 cells after banNVs treatment (CpG: 200 nM; R848: 500 nM). (**D**) Confocal microscopy images of CSIINFEK~(FITC)~L presentation by DC2.4 cells after treatment with banNVs for 5, 24, and 48 hours (CpG: 200 nM and CSIINFEK~(FITC)~L: 2 μM). (**E**) Flow cytometric analysis of SIINFEKL/H-2K^b^ complex expression on DC2.4 cells after pretreatment with banNVs for 5, 24, and 48 hours (CpG: 200 nM and CSIINFEK~(FITC)~L: 2 μM). Data are represented as means ± SEM (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001 (Student's *t* test). n.s., not significant. The definitions of the abbreviations are listed in table S2.](aaw6071-F3){#F3}

Sustained antigen presentation induced by banNVs
------------------------------------------------

To study the cellular uptake and presentation of antigens, lysine with fluorescein isothiocyanate (FITC) was modified in the ε-amino group of model antigen SIINFEKL, an major histocompatibility complex (MHC)--I (H-2K^b^)--restricted epitope derived from ovalbumin. The resulting CSIINFEK~(FITC)~L maintained the binding ability of SIINFEKL to H-2K^b^ molecules ([@R37]). DC2.4 cells were treated with CpG + CSIINFEK~(FITC)~L and CpG NPs/CSIINFEK~(FITC)~L (10:1 of antigen/CpG molar equivalent), respectively. Cells were washed after 5 hours before further incubation. In stark contrast, CpG NPs encapsulated with CSIINFEK~(FITC)~L were highly colocalized in the endolysosome by 5 hours, and robust fluorescence signal of CSIINFEK~(FITC)~L was observed on DC2.4 membranes at 24 hours and maintained up to 48 hours after incubation ([Fig. 3D](#F3){ref-type="fig"}). The antigen uptake from both formulations declined with time during 5 to 48 hours, likely due to exocytosis of banNVs and dilution effects caused by cell division ([@R38], [@R39]). Intrigued by efficient antigen uptake, the impact of banNVs on the presentation of CSIINFEK~(FITC)~L on DCs was then assessed by flow cytometric staining using an antibody that binds to SIINFEKL/H-2K^b^ complexes. Treatment with CpG NPs/SIINFEKL prolonged presentation of CSIINFEK~(FITC)~L on DCs compared with CSIINFEK~(FITC)~L + CpG. Note that DCs incubated with soluble CpG + CSIINFEK~(FITC)~L efficiently presented CSIINFEK~(FITC)~L after incubating for 5 hours, yet the antigen signal decreased precipitously after 24 hours, implying rapid clearance of antigen due to degradation or disassociation ([Fig. 3E](#F3){ref-type="fig"}). Oppositely, antigen presentation with banNVs gradually increased during the initial period but decreased at a later time, achieving 2.3-fold higher levels of presentation at 24 hours and sustaining approximately 1.6-fold during 48 hours, relative to soluble forms of CpG + CSIINFEK~(FITC)~L. Together, banNVs facilitated intracellular delivery of antigens and adjuvants and mediated their continuous release within the endosome, thereby eliciting durable antigen presentation and DC maturation, which are expected to promote the downstream cross-priming of CD8^+^ T cells.

In vivo intranodal and intracellular delivery of banNVs
-------------------------------------------------------

Subsequently, this study investigated the in vivo delivery of banNVs to LNs. C57BL/6 mice were subcutaneously injected at the tail base with soluble CpG + CSIINFEK~(FITC)~L versus CpG NP/CSIINFEK~(FITC)~L. After 12 hours, draining inguinal LNs were harvested for fluorescence imaging. CpG + CSIINFEK~(FITC)~L showed a marginally increased FITC signal in inguinal LNs compared to tissue autofluorescence ([Fig. 4, A and B](#F4){ref-type="fig"}), likely due to the rapid systemic dissemination of antigen. In contrast, CpG NPs encapsulated with CSIINFEK~(FITC)~L showed remarkable LN accumulation of antigen peptides ([Fig. 4A](#F4){ref-type="fig"}). Quantification of fluorescence signal intensities of LNs ([Fig. 4B](#F4){ref-type="fig"}) suggested approximately 1.5-fold greater antigen accumulation by CpG NP/CSIINFEK~(FITC)~L relative to tissue autofluorescence (*P* \< 0.01) and 1.2-fold greater antigen accumulation than soluble CpG + CSIINFEK~(FITC)~L control group (*P* \< 0.05). The codelivery of adjuvants (labeled with Cy5) and antigen (labeled with FITC) into the same APCs is desired for optimal immunomodulation. The uptake of banNVs in LN-residing APCs was then characterized. C57BL/6 mice were injected with CpG-Cy5 + CSIINFEK~(FITC)~L and Cy5-CpG NPs/CSIINFEK~(FITC)~L, respectively. Inguinal LNs were excised and disrupted into single cells for flow cytometric analysis of Cy5 and FITC signals in F4/80^+^ macrophages and CD11c^+^ DCs, both of which are APC populations that can internalize exogenous particles and present antigens to naïve T cells. Macrophages (2.3%) and 5.1% DCs exhibited Cy5^+^FITC^+^ in banNVs, while only 0.9% macrophages and 1.1% DCs showed Cy5^+^FITC^+^ for free vaccines ([Fig. 4, C and D](#F4){ref-type="fig"}), indicating that banNVs promoted the codelivery of adjuvants and antigens in vivo. C57BL/6 mice immunized three times with vaccines showed lymphadenopathy in draining inguinal LNs (fig. S5, A and B), likely due to the buildup of lymphocytes in LNs (fig. S6).

![In vivo delivery of banNVs to LNs and LN-residing APCs.\
(**A**) Inguinal LN fluorescence imaging and (**B**) signal quantification using naïve C57BL/6 mice treated with PBS or C57BL/6 mice immunized with soluble CpG + CSIINFEK~(FITC)~L and CpG NP encapsulated with CSIINFEK~(FITC)~L (CpG equivalents: 2 nmol and CSIINFEK~(FITC)~L: 20 μg) 12 hours after subcutaneous injection at tail base. (**C**) Flow cytometry plots and (**D**) quantification showing the codelivery of CpG (modified with Cy5) and CSIINFEK~(FITC)~L into LN-residing DCs and macrophages 12 hours after subcutaneous injection at tail base in C57BL/6 mice. All error bars in figures show SEM. Data are represented as means ± SEM (*n* = 3 mice per group). \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 (Student's *t* test). The definitions of the abbreviations are listed in table S2.](aaw6071-F4){#F4}

T cell responses elicited by banNVs
-----------------------------------

Next, the antigen-specific T cell responses elicited by banNVs in vivo were investigated. Adpgk, an MHC-I H-2D^b^-restricted neoantigen peptide (ASMTNMELM), was used in murine MC38 colorectal cancer. BanNVs were formulated again by encapsulating Adpgk into CpG/R848 NPs. C57BL/6 mice were immunized with phosphate-buffered saline (PBS), CpG + R848 + Adpgk, CpG NPs/Adpgk, GpC NPs/R848 + Adpgk, and banNVs on days 0, 7, and 14. Peripheral blood cells were collected on day 21 to analyze Adpgk--MHC I dextramer^+^ CD8^+^ T cells (fig. S7, A and B). CpG + R848 + Adpgk induced 1.1% of Adpgk-specific CD8^+^ T cells after the boosting immunization, whereas the banNVs treatment elicited remarkable 5.6-fold greater frequencies of Adpgk^+^ CD8^+^ T cells ([Fig. 5, A and B](#F5){ref-type="fig"}), indicating that banNVs potentiated systemic T cell responses in vivo. Furthermore, banNVs were more effective than single adjuvant combined with antigen peptide immunization ([Fig. 5, A and B](#F5){ref-type="fig"}), potentially attributed to synergistic activation of two TLR pathways. As a result of banNV stimulation, the expression of PD-1 on Adpgk-specific CD8^+^ T cells increased by eight times relative to total CD8^+^ T cells, suggesting exhaustion of these T cells ([Fig. 5, C and D](#F5){ref-type="fig"}, and fig. S8). Next, C57BL/6 mice immunized with different formulations of vaccines were challenged to study antitumor immunity. MC38 tumor cells were inoculated subcutaneously 7 days after the last immunization (fig. S9A). Mice treated with banNVs had no detectable tumor masses during 12 days after inoculation, indicating antitumor efficacy. In contrast, soluble vaccines failed to protect any mice from progression ([Fig. 5E](#F5){ref-type="fig"} and fig. S9B). After immunization with vaccines on days 0, 2, and 4, no signs of splenomegaly or systemic inflammation were observed relative to soluble vaccines ([Fig. 5F](#F5){ref-type="fig"} and fig. S10).

![BanNVs potentiated the neoantigen immunogenicity in mice.\
(**A**) Representative flow cytometric analysis and (**B**) quantification of the frequency of peripheral Ag (Adpgk)--specific CD8^+^ T cells from C57BL/6 mice vaccinated with soluble CpG + R848 + Ag, CpG NP/R848, GpC NP/R848 + Ag, and banNVs, respectively, on days 0, 7, and 14. Blood analysis was conducted on day 21 using an H-2D^b^--ASMTNMELM dextramer (*n* = 5 mice per group). (**C**) Representative flow cytometry results and (**D**) quantification of PD-1 expression on peripheral CD8^+^ T cells (*n* = 5 mice per group). (**E**) Tumor growth curve of C57BL/6 mice subcutaneously challenged with MC38 cells (0.3 × 10^6^) (*n* = 5 mice per group) 21 days after the first immunization (CpG equivalents: 2 nmol, R848: 8 μg, and Adpgk: 20 μg). (**F**) Photographs and quantification of spleen/body weight ratios of mice on day 6 after vaccination on days 0, 2, and 4 (*n* = 3 mice per group). All error bars show SEM. Data are represented as means ± SEM. \**P* \< 0.05 and \*\*\**P* \< 0.001 (one-way ANOVA with Bonferroni post hoc test and Student's *t* test). The definitions of the abbreviations are listed in table S2.](aaw6071-F5){#F5}

Combination of banNVs and aPD-1 for the immunotherapy of colorectal cancer
--------------------------------------------------------------------------

To validate the therapeutic efficacy of banNVs, C57BL/6 mice were inoculated with Adpgk-specific MC38 cells on day 0. Mice were treated on day 9 with PBS, CpG + R848 + Adpgk, CpG NPs/Adpgk, GpC NPs/R848 + Adpgk, and banNVs. Tumor growth was measured every 3 days until day 39. Soluble vaccines delayed tumor growth relative to the control group. CpG NPs/Adpgk and GpC NPs/R848 + Adpgk showed a similar effect and were superior to soluble vaccines. In contrast, CpG NPs/R848 + Adpgk substantially potentiated the immunotherapeutic efficacy and prolonged mouse survival ([Fig. 6A](#F6){ref-type="fig"}), with approximately 40% of mice survival in 39 days. Although banNVs did not lead to complete regression of tumor, likely due to the immunosuppression mediated by pathways such as PD-1 in CD8^+^ T cells, combined banNVs with aPD-1 further promoted the tumor therapy efficacy ([Fig. 6, B and C](#F6){ref-type="fig"}). Consistently, the medium tumor progression rate of mice treated with banNV is 3.65 \[−1, 6.64\], which is superior to that of single adjuvant together with neoantigen (table S3). Tumor growth was suppressed in mice treated with aPD-1 + banNVs, which also increased survival rate to 70% on day 48, compared with a 40% of survival rate by banNVs alone ([Fig. 6, A to C](#F6){ref-type="fig"}). We next evaluated whether immune cell depletion influences the efficacy of banNV (Fig. S11). Our finding showed that depletion of CD8^+^ T cells leads to nearly complete failure of anticancer ability of banNVs. Instead, depletion of CD4^+^ T cells and natural killer 1.1 (NK1.1) cells did not alter the therapeutic efficacy of banNVs, suggesting that CD8^+^ T cell is required for immunotherapy of banNVs against MC38 tumors ([Fig. 6D](#F6){ref-type="fig"}). Similarly, MC38 tumors grew equally well in mice treated with banNVs combined with aPD-1 after CD8^+^ T cell depletion, demonstrating the central role of CD8^+^ T cells ([Fig. 6E](#F6){ref-type="fig"}).

![Combination of banNVs with immune checkpoint blockade markedly promoted the response rates and complete regression rates of MC38 tumors in syngeneic mice.\
(**A**) Left: Experimental design for tumor immunotherapy in C57BL/6 mice with indicated formulations of vaccines (CpG: 2 nmol, R848: 8 μg, and Adpgk: 20 μg); middle: tumor growth curve, and right: mouse survival of C57BL/6 mice after subcutaneous inoculation with MC38 tumor cells (0.3 × 10^6^) (*n* = 6 to 7 mice per group). (**B**) Left: Experimental design for combination tumor immunotherapy in C57BL/6 mice with banNVs and aPD-1 (CpG: 2 nmol, R848: 8 μg, Adpgk: 20 μg, and aPD-1: 200 μg); middle: tumor growth curve; and right: mouse survival of C57BL/6 mice after subcutaneous inoculation with MC38 tumor cells (0.3 × 10^6^) (*n* = 5 to 7 mice per group). (**C**) Individual tumor growth and survival profile of C57BL/6 mice treated with vaccines and/or aPD-1 (CpG: 2 nmol, R848: 8 μg, Adpgk: 20 μg, and aPD-1: 200 μg) during 40 days (*n* = 5 to 7 mice per group). (**D** and **E**) Tumor growth curve after vaccination with banNVs or combination of banNV and aPD-1, together with lymphocyte depletion by anti-CD8, anti-CD4, or anti-NK1.1 (200 μg). All error bars show SEM. Data are represented as means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 (one-way ANOVA with Bonferroni post hoc test and Student's *t* test).](aaw6071-F6){#F6}

DISCUSSION
==========

Cancer immunotherapy has made remarkable breakthrough in a growing number of cancers. However, there are many notable exceptions of cancers that respond poorly to current immunotherapies. Therapeutic tumor vaccine has emerged as a powerful therapy strategy via codelivery of adjuvants with cancer-specific antigens to stimulate distinct innate immune signaling pathways and activate adaptive immunity such as T cell responses ([@R10]). Cancer somatic mutations or frameshifting mutations and the resulting cancer neoantigens have emerged as central role players in cancer immunotherapy, yet the overwhelming majority of neoantigens lack effective immunogenicity. Water-in-oil adjuvant systems have been conventionally used to improve immunogenicity in clinic, while cumulative evidence revealed T cell sequestration at the vaccination sites, leading to T cell exhaustion and deletion. Also, current delivery approaches based on direct administration of neoantigens along with adjuvants are often restricted by discrepant physicochemical properties and unfavorable pharmacokinetics, which altogether result in insufficient elicitation of antitumor immunity and potential safety concerns. To overcome these drawbacks, new means of therapeutic interventions to improve T cell immunity are sought. Pathogen-mimicking nanovaccines can address these problems through rational design of adjuvants formulated with defined antigen peptides, which can efficiently accumulate in draining LNs ([@R18]--[@R20]) and be further internalized by distinct APCs to elicit immune responses ([@R21]--[@R25]). This study established an alternative, delicate, and scalable strategy to develop banNVs, enabling programmable encapsulation and construction of bi-adjuvants (R848, CpG) and a hydrophobic peptide neoantigen (Adpgk), which were prepared by in situ RCA of tandem CpG on PEG-PLA micelles, followed by nanocondensation of CpG MPs by cationic PPT-*g*-PEG.

Advances in nanoengineering make it possible to codeliver multiple adjuvants and peptide antigens, which can also improve drug solubility and formulation, promote the interactions between immune cells, and elicit durable and potent T cell responses ([@R17], [@R30]). In these banNVs, the innermost core of PLA and the outer shell of hydrophobic PPT were used for physical loading of R848 and Adpgk, respectively, enabling programmable synthesis of multilayer structure-based nanovaccines. In terms of other vaccine delivery approaches, molecular vaccine components were usually linked to albumin tail and polymer scaffold or were encapsulated into nanocarriers independently in preclinical studies. However, disparate pharmaceutical properties and redundant chemical appendages restricted their further clinical application. BanNVs provide new insights into overcoming these challenges of pharmaceutical discrepancies between different forms of tumor specific vaccine agents and increased safety concerns, which may protract the time window of medication required for cancer treatment. Furthermore, banNVs presented a framework for future immunotherapy with prolonged retention time in LNs, tailor-designed codelivery of adjuvants and peptide neoantigens, tunable drug release, and notable antitumor efficacy especially when combined with immune checkpoint blockade. We anticipate that this platform will influence a broad range of efforts in heterogeneous nanovaccine delivery, with tremendous prospect to play a substantial role in the ongoing revolution of next-generation cancer immunotherapy.

TLRs play a vital role in cancer immunotherapy especially when combined with other therapeutic agents (i.e., tumor antigens, antibodies, and chemotherapeutic drugs) ([@R40]). TLR agonists activate immune response by stimulating distinct populations of APCs including all major DC subsets to up-regulate costimulatory factors (CD80, CD86, and CD40), secrete cytokines (TNF, IL-6, IL-12, etc.), and present antigens, thus enhancing the innate immune response and driving the subsequent adaptive immune response ([@R17]). TLR9a CpG is used as model adjuvant in numerous preclinical trials, while the limited endosomal localization of TLR9 in DCs and B cells in humans restricted the therapeutic efficacy of CpG molecules in patients ([@R29]). Formulations combining different immunostimulants from a large panel of adjuvants can act synergistically, representing a potent strategy to develop cancer vaccines ([@R41]). Here, we incorporated TLR7/8a (R848) into CpG molecules' self-assembled nanoparticle. Costimulatory molecules and cytokine production elaborated the priority of combination use of both TLR7/8a and TLR9a, which is probably due to (i) the engagement of TLR7/8 on DCs as well as macrophages and NK cells and (ii) the main pathway "TLR7-MyD88-IRF7" played by TLR7/8a for the production of type I interferons ([@R42]). Our results of markedly higher uptake of vaccines especially the model antigens (SIINFEKL) in macrophages may partially explain the additional mechanistic insights into high-magnitude immune activation induced by banNVs. Although the mode is not completely understood, our study extended the earlier findings that combination of TLR7/8a and TLR9a can enhance the immunogenicity of neoantigen and showed that nanoparticulate vaccines efficiently improve the retention of neoantigen in draining LNs and the uptake of dual adjuvants by APCs, whereas additional studies need to be performed to carefully clarify the underlying mechanisms of banNVs.

Despite the involvement of TLRa, our study indicated that aPD-1 also plays a vital role in enhancing the immunogenicity of neoantigen. It has been shown that the distinct tumor therapeutic efficacy of immune checkpoint inhibitors may have also improved the therapeutic efficacy of neoantigen nanovaccines by boosting immune response ([@R26]). PD-1 engagement mediates T cell receptor (TCR) signaling components with CD28 as the primary target. aPD-1 treatment blocks the signaling pathway of TCR/CD28 and increased the secretion of associated cytokines. In line with our study, Khleif's recent study showed that simultaneous treatment of cancer vaccines and aPD-1 invigorated CD8^+^ T cells during the immune induction phase. However, aPD-1 treatment before vaccine treatment restrained CD8^+^ T cell priming and restricted the therapeutic efficacy of aPD-1 due to the induction of PD-1^+^CD38^+^CD8^+^ T cells ([@R43]).

Although we are intrigued by the results of neoantigen-specific immune responses induced by banNVs, there were still a fraction of tumor-bearing mice that could not be cured even by combined banNVs and immune checkpoint blockade, for which many factors should be taken into account. One of the prevailing notions underlying this phenomenon is that tumor immunologic heterogeneity influences immune response to cancer vaccines ([@R44]). Although the precise mechanisms of immunologic heterogeneity interfering with immune response against neoantigen-specific malignant cancers are not fully understood, we speculate the existence of immunologic heterogeneity that parallels the genetic and environmental changes in immunogenic mice. The current challenge in evaluating the potential contribution of heterogeneity as an incentive of tumor progression is the fact that the small size of preclinical studies cannot fully recapitulate the condition under which tumor heterogeneity is driven and evolved in humans. We surmise that it would be worthwhile to increase the numbers of model mice that will or will not benefit from neoantigen-based cancer vaccines to further interpret tumor heterogeneity against immunotherapy. Moreover, it is conceivable that new technologies including genome editing might be applied in tumor immunologic heterogeneity modeling to study the factors that influence responses to cancer immunotherapy ([@R45]). Furthermore, although we make a prediction here that neoantigens derived from indicated tumor cells can potentiate T cell receptor recognition and T cell activation for neoantigen-specific tumor immunotherapy, it should be kept in mind that the efficient delivery of neoantigen does not equal the effective T cell response. Thus, there will be cases in which despite higher immunity elicited by banNVs, neoantigen-specific T cell cytotoxicity is limited or absent due to lack of MHC expression on tumor cells.

Together, this study suggests the great potential of banNVs to potentiate the immunogenicity of cancer neoantigens for personalized tumor combination immunotherapy.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

This study aimed to develop a banNV to enhance immunogenicity against colorectal cancer. For this, dual adjuvants (TLR7/8 agonist: R848 and TLR9 agonist: CpG) and MC38 colorectal cancer cell--specific neoantigen (Adpgk) were programmably assembled and strategically encapsulated into multistructured nanoparticles, enabling efficient codelivery of adjuvants and neoantigens. To validate the immune activation induced by banNVs, in vitro APC stimulation and antigen presentation experiments and additional in vivo tumor prophylaxis and immunotherapy using MC38 tumor mouse models were designed. The number of mice per experimental group is indicated in the respective figure legends.

Materials
---------

MAL-PEG3000-*b*-PLA2000 was purchased from JenKem Technology Co. Ltd. All DNA sequences, fluorophore-modified CpG sequences, and thiol-modified primer were synthesized in Integrated DNA Technologies. T4 DNA ligase (4000 U/μl), phi29 DNA polymerase (10 U/μl), deoxynucleotide triphosphate (dNTP) solution mix (10 mM each nt), and 10× bovine serum albumin (BSA) in buffer solution were all purchased from New England Biolabs, and Cy5-modified dUTP was purchased from Enzo Life Sciences. R848 was purchased from Sigma-Aldrich. aPD-1 antibody was purchased from Bio X Cell Inc. All the enzyme-linked immunosorbent assay (ELISA) kits used in this study were purchased from Thermo Fisher Scientific. Staining antibodies including anti--CD8-APC-Cy7, PD1-BV421, F4/80-PE (phycoerythrin), and CD11c-APC were purchased from BioLegend. Anti--CD80-PerCP-Cy5.5 and anti--CD86-PE were purchased from PeproTech. Anti-mouse SIINFEKL/H-2Kb-PE antibody was purchased from eBioscience. Dextramer-PE was purchased from Immudex. MC38 cell line was purchased from ATCC and cultured in Dulbecco's modified Eagle's medium, and DC2.4 cells were cultured in RPMI 1640 medium with 2 mM [l]{.smallcaps}-glutamine.

Preparation and characterization of primer-PEG-PLA NPs
------------------------------------------------------

In a typical experiment, primer-PEG-PLA nanoparticles were synthesized using a two-step approach: (i) self-assembly of amphiphilic PEG-PLA micelles and (ii) surface modification of primer DNA inspired by chemical conjugation. First, MAL-PEG3000-*b*-PLA2000 can spontaneously self-assemble into amphiphilic micelles in water. After assembly, primer-PEG-PLA conjugates were synthesized using MAL-PEG3000-*b*-PLA2000 and terminal thiol-modified DNA primer. Thiol-modified DNA primer (0.06 mM) was pretreated with dithiothreitol (DTT; 0.1 M) in 1 × PBS for 1 hour at 37°C to cleave the dithiol bond, and then NAP5 columns were used to purify the DNA primer by removing the DTT and cleaved thiol-appending fragments in 1% sodium ascorbate buffer. The cleaved DNA products (15 μM) were mixed and reacted with PEG-PLA micelles dissolved in 1 × PBS for 30 min at room temperature. The unreacted MAL-PEG3000-*b*-PLA2000 was subsequently removed using a C18 column in reversed-phase HPLC (Thermo Fisher Scientific). The final products named primer-PEG-PLA conjugates were then quantified by UV absorbance at 260 nm using a Genesys 10S UV-Vis spectrometer. Primer-PEG-PLA conjugation was determined by running 2% agarose gel electrophoresis containing 20% GelRedTM in tris-acetate-EDTA buffer at 100 V. The resulting agarose gel was visualized using a UV transilluminator. The morphology of primer-PEG-PLA nanoparticles was observed using TEM images collected on a Jeol JEM 2010 electron microscope at 300 kV. DLS of primer-PEG-PLA NPs was conducted using a Delsa Nano C instrument.

Polymerization and condensation of CpG microflowers (MFs)
---------------------------------------------------------

To synthesize the CpG MFs, 5′-phosphorylated linear CpG templates (12 μM) were mixed with 20 μl of primer-PEG-PLA nanoparticles (10 μM). Ligation buffer (1× DNA) was added to the sample to reach a total volume of 40 μl. The mixed solution was heated at 95°C for 5 min and cooled to 25°C gradually in 1.5 hours. One microliter of T4 DNA ligase (4000 U/μl) was added to the above mixed solution and incubated at room temperature for 3 hours. The nick in the hybridized CpG templates was then permanently closed. Subsequently, an in situ RCA assembly was conducted on the surface of circularized primer-PEG-PLA NPs. Rolling circle replication (RCR) reaction system contained ligated circular CpG templates (0.3 μM), phi29 DNA polymerase (1000 U/μl), 2 mM dNTP, and 1 × BSA in DNA polymerization buffer solution with a total volume of 80 μl. RCA reaction was carried out at 30°C for 48 hours. All the enzymes were heat-inactivated at 90°C for 15 min to terminate the reaction. For further application, Cy5 was integrated into CpG MFs by adding Cy5-modified dUTP (0.075 mM) into the RCA reaction system. CpG amplification folds were quantified by measuring the UV absorbance at 260 nm. Then, CpG MFs were used to encapsulate hydrophobic adjuvants. CpG MFs (50 μM CpG equivalent) were prepared in PBS (1 ml). To the solution, R848 (1 mM) in 500 μl of DMF solution was added. The reaction mixture was transferred into an Eppendorf vial and stirred for 1 hour at room temperature. Subsequently, DMF and free small molecular adjuvants were removed by centrifugation (13,500 rpm for 10 min). The resulting products were washed with PBS twice and resuspended in PBS before use. Afterward, MPs were condensed into NPs by incubating MPs with a specific designed cationic polypeptide (PPT-*g*-PEG). The loading efficiency of antigen peptides in banNVs was confirmed by FITC-modified model antigen and analyzing the fluorescence of banNV, while the loading efficiency of R848 was measured by using HPLC. In a typical procedure, MPs were then dissolved in 1 ml of PBS, and PPT-*g*-PEG (2.5 mg/ml) in PBS (0.5 ml) was added into MP solution on a vortex for 24 hours. Condensation was terminated by centrifugation to remove the unreacted supernatant, followed by washing with PBS twice. Furthermore, Adpgk peptides (1 mM) were added to obtained NPs to get the final banNVs by washing them with PBS twice. The sizes and morphologies of MPs and NVs were characterized using TEM and SEM (Hitachi SU-70). DLS of MFs and NVs was measured as indicated above. Fluorescence imaging of Cy5-labeled NVs was monitored using a Zeiss LSM 780 confocal microscope.

DC activation and antigen presentation
--------------------------------------

DC2.4 cells were plated at 96-well plates. After 24 hours, DCs were incubated with 200 nM CpG and/or 500 nM R808 in various formulations in complete media for 48 hours. Some costimulatory factors on DCs including CD80 and CD86 were analyzed by flow cytometry. DCs incubated with adjuvants were harvested after 48 hours and resuspended and stained with anti--CD80-PerCP-Cy5.5 and anti--CD86-PE in 100 μl of PBS for 1 hour. DCs were then washed three times with PBS for flow cytometry using a BD Beckman Coulter flow cytometer. Proinflammatory factors such as IL-6, IL-12p40, and TNF-α secreted from DCs were evaluated by ELISA kits. Immature DCs were plated at 96-well plates. After 24 hours, DCs were incubated with 200 nM CpG and/or 500 nM R848 in various formulations in complete media for 48 hours at 37°C with 5% CO~2~. DCs were harvested, washed with FACS buffer, and then stained on ice with fluorophore-labeled antibodies against CD80 and CD86. Cell culture medium of DCs incubated with adjuvants for 48 hours were collected and diluted according to the ELISA instruments. Cytokine secretion quantification was also determined using the ELISA manufacturer's instruments. In vitro antigen presentation was first studied using the Zeiss LSM 780 confocal microscope. CpG NP/CSIINFEK~(FITC)~L or soluble CSIINFEK~(FITC)~L was incubated in DC2.4 cells for a series of time points. DC2.4 cells were then stained with LysoTracker Red and Hoechst 33342 for regular fluorescence imaging. Furthermore, DC2.4 cells were incubated with CpG NP/SIINFEKL as mentioned above. After incubation, DC2.4 cells were stained with PE-labeled anti-SIINFEKL/H-2K^b^ antibody for 1 hour on ice and then analyzed using a BD Beckman Coulter flow cytometer.

LNs draining of banNVs and functional assessment of antigen-specific T cells
----------------------------------------------------------------------------

For LN delivery studies, C57BL/6 mice were injected with soluble Cy5-CPG + CSIINFEK~(FITC)~L and Cy5-CPG NP/CSIINFEK~(FITC)~L. After 12 hours, inguinal LNs were harvested, and a regular LNs fluorescence imaging was conducted using Maestro optical imaging system. Subsequently, LNs were dissociated in collagenase D and DNase I according to the manufacturer's instructions. Single cells were collected after dissociation and then stained with CD11c for DCs and F4/80 for macrophages. In vivo delivery of banNVs into APCs was analyzed by a BD Beckman Coulter flow cytometer. For assessment of the elicited antigen-specific T cell responses, C57BL/6 mice were injected with different formulations of vaccines on days 0, 7, and 14. Peripheral blood cells were collected on day 21. First, red blood cells were lysed using ACK lysis buffer for 5 min and then blood clot was removed by gentle centrifugation. Next, the left cells were stained with 4′,6-diamidino-2-phenylindole in fetal calf serum buffer for 10 min to block the Fc segment. Then, cells were stained with mixed antibodies including anti--CD8-APC-Cy7, dextramer-PE (Immudex), and PD1-BV421 for 1 hour on ice. Cells were subsequently washed three times and resuspended in Cytofix for 20 min at 4°C. Last, cells were washed with Perm/Wash buffer twice for flow cytometry quantification using a BD LSRFortessa X-50 flow cytometer.

In vivo cancer immunotherapy and tumor challenge studies
--------------------------------------------------------

All work conducted on animals were cared for following the National Institutes of Health (NIH) *Guide for the Care and Use of Laboratory Animals* under a protocol approved by the NIH Clinical Center Animal Care and Use Committee. Female C57BL/6 mice (6 to 8 weeks) were purchased from the Jackson Laboratory. For cancer immunotherapy studies, C57BL/6 mice were subcutaneously injected with 0.1 × 10^6^ MC38 cells on the right shoulder. On day 9, C57BL/6 mice were immunized with different formulations containing antigen peptides (20 μg per mouse), CpG (2 nmol per mouse), and R848 (8 μg per mouse) in 100-μl volume by subcutaneous injection at the tail base on days 9, 15, and 21. For the combinatorial immunotherapy, anti-mouse PD-1 (200 μg per mouse) antibodies were administered intraperitoneally on days 9, 12, 15, 18, and 21. Tumor growth was monitored every 3 days, and the tumor volume throughout this study was calculated by caliper measurement using the following equation: tumor volume = length × width^2^/2. Animals were euthanized when the maximum tumor diameter reached 1.8 cm or more. For prophylaxis studies, C57BL/6 mice (6 to 8 weeks) were immunized with tumor vaccines on days 0, 7, and 14. Vaccinated mice were challenged 6 days later after last immunization by inoculation with 0.3 × 10^6^ MC38 cells on the right shoulder per mouse. Tumor growth was monitored as indicated above. Mice were euthanized if the tumor diameter exceeded 1.8 cm.

Systemic toxicity evaluation was assessed by measuring the splenomegaly
-----------------------------------------------------------------------

C57BL/6 mice were administered with different formulations of vaccines (antigen peptides: 20 μg, CpG: 2 nmol, and R848: 8 μg) on days 0, 2, and 4. One day after last treatment, spleens and LNs were harvested from mice and then weighed and photographed. Fixed spleen and LN tissues were used for paraffin embedding and slide scanning. Fixed LN tissues were frozen for slide preparation and immunofluorescence staining.

Statistical analysis
--------------------

On the basis of the pilot study results and literature, four to five mice per group were used for T cell response evaluation and six to seven mice per group were used for cancer immunotherapy study. All values shown in the manuscript were means ± SD. Comparisons between two groups or several groups were analyzed using unpaired Student's *t* test or one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 were considered statistically significant. All statistical analyses were carried out using Prism 7.0 (GraphPad Software, La Jolla).
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